Replication of the Escherichia coli chromosome is initiated at a unique site, oriC. Concurrent initiation occurs at all oriC sites present in a cell once, and only once, per cell cycle. A mechanism to ensure cyclic initiation events was found operating through the chromosomal site, datA, a 1-kb segment located at 94.7 min on the genetic map that titrates exceptionally large amounts of the bacterial initiator protein, DnaA. A strain lacking datA grew normally but exhibited an asynchronous initiation phenotype as a result of extra initiation events. This mutant phenotype was suppressed by DnaA-titrating plasmids. Furthermore, mutations in a 9-bp DnaA-binding sequence (the DnaA box) in datA were enough to induce the mutant phenotype. Thus, datA is a novel chromosomal element that appears to adjust a balance between free and bound DnaA for a single initiation event at a fixed time in the bacterial cell cycle. Titration of DnaA to newly duplicated datA during oriC sequestration, which is mediated by hemimethylated GATC sequences in oriC and the SeqA protein, would contribute to prevention of reinitiations when oriC is desequestered.
Chromosomal replication in Escherichia coli is normally initiated at a unique site, oriC, and proceeds bidirectionally (Bird et al. 1972; Marsh and Worcel 1977) . In the initiation reaction, DnaA protein plays a key role. It binds to five 9-bp sequences, termed DnaA boxes, within oriC and, assisted by protein HU or integration host factor (IHF), causes unwinding of the strands in the region containing three AT-rich 13-mer repeats. DnaB helicase and other replisome components are loaded onto this open complex to start DNA replication (for review, see Skarstad and Boye 1994; Messer and Weigel 1996) .
The initiation reaction is precisely regulated such that it takes place at a fixed time in the bacterial cell cycle. Control of DnaA protein activity seems to be most crucial to the timing of initiation (Løbner-Olesen et al. 1989; Atlung and Hansen 1993) , but the molecular basis of this regulation is largely unknown. In a steady-state culture, intervals between initiation events in a cell are equal to the doubling time of cell number. Irrespective of growth rate, the time required for a round of replication and subsequent cell division is constant, being about 60 min at 37°C. As a consequence, in rapidly growing cells, new rounds of replication initiate while previous rounds are still in progress. Under such conditions, all origins fire essentially synchronously and, therefore, cells always contain 2 n and 2 n+1 origins (where n is a positive integer; Skarstad et al. 1986 ). This distribution enables partitioning of equal numbers of chromosomes into two daughter cells when cells divide.
In addition, each copy of oriC fires once, and only once, per cell cycle. A mechanism called sequestration is involved in preventing secondary initiations, which could occur immediately after primary initiations when initiation potential is still high. There are 11 GATC sequences in the 245-bp minimal oriC region that are sites for methylation by DNA adenine methyltransferase (Dam methylase; Zyskind and Smith 1992) . Newly replicated GATC sites remain hemimethylated until Dam methylase transfers methyl groups to these sites. The time required for conversion of hemimethylated GATC sequences in oriC and in the promoter region of the dnaA gene (PdnaA), which also contains several GATC sequences, to the fully methylated state is much longer than that for other GATC sequences in the genome (Campbell and Kleckner 1990) . The prolonged hemi-methylated state is assumed to be caused by specific binding (sequestration) of these sites to the membrane (Ogden et al. 1988; Campbell and Kleckner 1990) . Under such circumstances, oriC and PdnaA are protected from further methylation by Dam methylase, and reinitiation is blocked (Russell and Zinder 1987; Campbell and Kleckner 1990; Landoulsi et al. 1990) . A gene, seqA, is involved in this process (Lu et al. 1994; von Freiesleben et al. 1994) . Purified SeqA protein has a strong affinity for hemimethylated DNA. The binding, however, is specific neither to oriC nor to PdnaA (Brendler et al. 1995; Slater et al. 1995) , suggesting involvement of other factor(s) for specific sequestration. SeqA also binds fully methylated oriC DNA in a specific manner (Slater et al. 1995) . This binding may be involved in the timing of initiation.
To prevent reinitiation, initiation potential, which most likely implies active DnaA concentration, must fall to a level that can no longer cause initiation from oriC before the end of sequestration. Duplication of oriC itself could contribute to this requirement. oriC and PdnaA are located close on the chromosome (about 40 kb apart) and, therefore, the periods of sequestration of these two sites overlap most of the time. Transcription from PdnaA is transiently blocked during this period (Campbell and Kleckner 1990; Theisen et al. 1993 ). This block should also contribute to lowering the initiation potential, although it is not essential inasmuch as initiation synchrony is maintained when the dnaA gene is expressed constitutively at a level controlled by the lac promoter (Løbner-Olesen et al. 1989) .
We have recently discovered a novel chromosomal site that titrates unusually large amounts of DnaA protein (Kitagawa et al. 1996) . A single copy of this site, named datA (DnaA titration), titrates eightfold more DnaA molecules in vivo than a region spanning oriC and the mioC promoter, despite its twofold higher K d value. The datA locus spans about 950 bp between the glyVXY and amiB-mutL operons at 94.7 min on the genetic map and could be replicated during oriC sequestration. In this study we have examined the role of datA in the control of initiation of replication. The data indicate that datA is a crucial cis element for regulated initiation. DnaA titration to datA appears to be a unique system that keeps a balance between DnaA and DNA concentrations and enables cell cycle-coupled synchronous initiation of replication. Sequestration and DnaA titration by datA are separate mechanisms, and each operates independently; presumably, the latter works after the former to assure the single initiation event in the cell cycle.
Results

A datA null mutant grows normally
A deletion mutant of datA was constructed by replacing the 962-bp AseI-XhoI fragment (Kitagawa et al. 1996) containing the whole datA region by the kanamycinresistance gene (Fig. 1) . The mutation (⌬datA::kan) was made in a recD strain and was introduced by P1 transduction without any problems into several other strains that differ in genetic backgrounds. The presence of a plasmid containing the AseI-XhoI fragment in a recipient cell (W3110) did not affect the efficiency of P1 transduction, suggesting that datA is dispensable for cell growth. In another experiment, the null allele was first integrated into the chromosome by homologous recombination such that direct repeats of mutant and wildtype alleles were separated by a plasmid vector sequence carrying the sacB gene (Slater and Maurer 1993; Ohmori et al. 1995) . When the recombined segregants retaining only one allele were selected as sucrose-resistant colonies, 17 of 96 clones contained the mutant allele. Although this is half of the value expected from the length of homology available for the two required recombination events (1 kb at the left and 2 kb at the right), the results seemed to indicate that datA is a nonessential locus, inasmuch as all eight tested clones had expected mutant restriction patterns when examined by Southern hybridization.
The ⌬datA::kan mutation did not cause any altered physiological characteristics in several genetic backgrounds. Doubling times of the mutants were similar to those of wild-type cells when grown in minimal media or in broth at temperatures between 20°C and 43°C. Cell size and morphology were indistinguishable from wildtype cells. In addition, the ⌬datA::kan mutation did not affect temperature sensitivity of growth of strains carrying dnaA5, dnaA204, or dnaA508. Also, the datA deletion did not affect growth of himA::Tn10, dam-13::Tn9, or a seqA null mutant. Strains containing the datA deletion did not exhibit any significant change in the total cellular amount of DnaA protein as measured by an immunoblotting assay (data not shown).
Overinitiation occurs and initiation synchrony is disturbed in ⌬datA::kan mutant A drastic alteration in phenotype caused by ⌬datA::kan was revealed by flow cytometry. In the experiments Figure 1 . Location of datA and ⌬datA::kan mutation on the E. coli chromosome. ORFs are indicated with molecular masses (kD) of their products. In the enlarged map, the extent of the ORFs are indicated by bars; those above the line read to the right and the one below the line to the left. Bent arrows are initiation sites of transcription. Five arrowheads denote DnaA boxes. The second DnaA box, which was inactivated by the datA mutation is gray. The datA region is indicated by a thick striped bar. The region substituted by the gene conferring kanamycin resistance (kan) is also shown.
shown in Figure 2A , distribution of the number of chromosomes per cell was measured after treating exponentially growing cells with rifampicin and cephalexin. These drugs block initiation of replication and cell division, respectively. After cultivation for enough time to complete ongoing replication, the number of chromosomes per cell normally distributes to 2 n and 2
n+1
, where n = 0 or a positive integer, indicating that replication begins at the same time in the cell cycle at all origins present in a cell (Skarstad et al. 1986 ). Wild-type cells (W3110) exhibited the expected synchronous initiation pattern. The average number of chromosomes per cell, which is equivalent to the number of oriCs present in a cell at the time of addition of the drugs, increased upon increase of the cell growth rate, but no detectable peak of cellular chromosome numbers deviating from 2 n appeared under these conditions ( Fig. 2A , Table 1 ).
In contrast to the clear synchrony in wild-type cells, initiations were asynchronous in RSD448, a ⌬datA::kan derivative of W3110, in all media. In the M9 medium, 35% of cells contained three chromosomes. In the M9 medium supplemented with 0.2% casamino acids (M9CAA), all possible numbers of chromosomes between four and eight were present. The extent of asynchrony was reproducibly highest in M9CAA ( Fig. 2A , Table 1 ), and, in RSD448 grown in L broth, the asynchrony of initiation was modest.
Another remarkable change caused by the datA deletion was an increase in the number of oriCs per cell as compared with wild type. Origin numbers in the mutant measured as chromosome numbers after treatment with the drugs were 20% to 45% higher than that of wild type (Table 1 ). The increase was caused by increased initiation frequency and was not attributable to inhibition of cell division, inasmuch as the mutant cells were not elongated (Fig. 2B) . Initiation frequency in the ⌬datA:: kan mutant relative to wild-type cells was again highest in M9CAA (Table 1 ). Higher DNA concentration in the mutant after drug treatment was confirmed by a chemical assay with diphenylamine reagent. Overinitiation was also inferred from the increased oriC/ter ratio in the mutant measured by Southern hybridization (Table 1) .
The above results indicate that datA is essential to prevent overinitiation and asynchronous initiation. The fact that origin number per cell was increased in datA − strains despite their cell size being indistinguishable from wild-type cells implies that primary initiations took place at an initiation mass (the cell mass at initiation divided by the number of origins) smaller than that of wild-type cells. Thus, datA has another role in the control of the timing of primary initiations.
Correlation between the ⌬datA mutant phenotype and loss of DnaA-titrating activity
For the DnaA-titrating activity of datA, a region including the second DnaA box is essential (Kitagawa et al. 1996) . Therefore, we introduced base substitutions into this DnaA box on the chromosome of wild-type strain W3110 to examine its role in initiation control. Two bases were substituted to create a XbaI site (designated as the datA1 mutation) as shown in Figure 3A . No other sequence alteration was made on the chromosome. The DNA histogram in Figure 3B indicates that the datA1 mutation was enough to bring about the mutant phenotype observed with RSD448. The inability of datA1 to titrate DnaA was demonstrated in vivo by measuring expression of the mioC-lacZ fusion gene which is repressed by DnaA (Kitagawa et al. 1996) (Table 2) . pMW119-EX, carrying wild-type datA on an EcoNI-XhoI fragment (Fig. 1 ) of the pSC101-based vector pMW119, derepressed the fusion gene on pRML1. This derepression was not observed with pMW119-EX2, in which the second DnaA box is destroyed by the datA1 mutation. Levels of ␤-galactosidase activity decreased upon induction of DnaA protein from pBRCDI1 (Table 2) , confirming that the activity responded to changes of cellular DnaA concentration.
There are two small open reading frames (ORF2.1 and ORF8.6) and a portion of ORF43 in datA (Fig. 1) . All of these ORFs appear to be expressed (Kitagawa et al. 1996) . Although nonessential for growth, it was possible that the absence of the products of these genes causes unregulated initiation in the ⌬datA::kan mutant. However, exhibition of the mutant phenotype by the datA1 mutation outside these genes argues against this possibility. Expression of both ORF2.1 and ORF8.6 depends on transcription from a promoter just upstream of the second DnaA box (Fig. 1) . The activity of this promoter was measured as the activity of chloramphenicol acetyl transferase (CAT) with a promoter assay vector pROAKK1 (Table 3) . pROAKK-EB carrys the EcoNI- Asynchronous and extra initiations in the ⌬datA:: kan strain. Cells growing exponentially in the indicated medium were treated with rifampicin and cephalexin for six generations, and run-out DNA histograms (A) or light-scatter histograms (B) were obtained by flow cytometry. Both W3110 (wild type) and RSD448 (⌬datA::kan) had the same doubling time of 72 min in M9 medium, 50 min in M9CAA medium, and 28 min in L broth. Run-out DNA histograms measure the distribution of chromosome numbers per cell, which is equal to the number of origins per cell present at the time of addition of rifampicin and cephalexin. Light-scatter histograms measure cell size distribution.
Bsu36I fragment ( Fig. 1 ) on pROAKK1 in an orientation in which the promoter directs transcription of the cat gene. The datA1 mutation carried on pROAKK-EB2 did not cause any inhibition of this transcription. Some enhancement observed is in accordance with the negative role of DnaA on this transcription (Kitagawa et al. 1996) . Thus, absence of ORF products of datA is not likely to be the cause of aberrant initiation control in datA::kan cells. Although less likely, however, the possibility that overexpression of the ORF products causes the same phenotype as that exhibited in their absence cannot be eliminated.
A correlation between the DnaA-titrating activity and the activity that suppresses overinitiation was inferred further from experiments with the plasmid pTOA502, which is totally unrelated to datA. This plasmid carries five DnaA boxes in oriC and one in the mioC promoter region on pBR322 but is defective in oriC function because of a deletion in the AT-rich 13-mer region at the left end of oriC. In datA::kan cells carrying pTOA502, initiation frequency was remarkably reduced compared with control cells carrying pBR322 (Fig. 3C ). Average chromosome number per cell in this strain was even lower than that in wild-type cells carrying pBR322. pTOA502 also reduced initiation frequency in wild-type cells. Furthermore, initiation synchrony was severely disturbed not only in mutant but also in wild-type cells carrying pTOA502. In these cells, reduced levels of free DnaA protein might have caused inefficient and asynchronous initiations. Other factors that may bind to the defective oriC would also contribute to these phenotypes.
The above results strongly suggest that initiation con- trol is disturbed in datA mutants by the loss of DnaAtitrating activity. Although a defective oriC-carrying plasmid, pTOA502, was used in the experiment in Figure  3C to avoid possible effects of titration of replication proteins other than DnaA, essentially the same results were obtained with strains carrying an intact oriCpBR322 chimeric plasmid, pTOA50 (Kano et al. 1991 ; data not shown). On the other hand, the presence of plasmid vectors including mini-F-based pKV713, pSC101-based pMW119, and pBR322 did not affect initiation of replication of host chromosomes (data not shown). All these plasmids carry DnaA box(es) in their origin region (Fuller et al. 1984) . Futhermore, introduction of minichromosomes did not affect the initiation synchrony of host chromosome replication . Therefore, a large increase of DnaA-titrating activity beyond a certain level appears to be necessary to disturb the initiation control.
Effect of datA sequence carried on plasmids
To examine whether the overinitiation and initiation asynchrony that occurred in the ⌬datA::kan mutant could be suppressed by the datA sequence in trans, various plasmids were introduced into RSD448. Both of these phenotypes were suppressed by pKV713-EX, which carries the EcoNI-XhoI fragment (Fig. 4) . Therefore, the datA sequence does not need to be located on the chromosome for controlled initiation. Neither pKV713-EX2 bearing the datA1 mutation nor the vector pKV713 alone could suppress the mutant phenotype.
Remarkably, the fluorescence profile was strongly affected by plasmid copy number. pKV713-EX, which gave optimum suppression, is a mini-F-based plasmid and is assumed to be present at a copy number of one to two molecules per cell grown in M9 minimal medium. On the other hand, when datA was introduced into RSD448 on a pSC101-based vector pMW119, which is present at a copy number severalfold higher than pKV713, a significant number of cells contained over four chromosomes, although two-chromosome cells appeared with concomitant disappearance of three-chromosome cells as expected from suppression of the asynchrony phenotype. It turned out that this was attributable to the irregular cell size distribution as revealed by light scatter (Fig. 4) ; the larger number of chromosomes was contained in elongated cells as revealed by the fluorescence-light scatter diagram (data not shown). Inhibition of cell division became more significant when datA was present on a highcopy number plasmid such as pBR322 (data not shown). Growth of cells with datA on such a plasmid was severely slowed. We assume that too much titration of DnaA to excess datA sequences decreases cellular DnaA concentration and brings about division inhibition as has been observed when the cellular DnaA level is limited (Løbner-Olesen et al. 1989) .
Initiation time in the cell cycle
Variation of origin numbers per cell during the cell cycle was investigated by use of synchronized cells of ON338 (B/rF26⌬datA::kan). Newborn cells were collected by elution of growing cells from a nitrocellulose membrane filter (baby machine) and cultivated in test tubes at 37°C (Helmstetter et al. 1992) . Origin numbers per cell were measured at various times by flow cytometry after treatment with rifampicin and cephalexin (Fig. 5) . In accordance with the doubling time of 40 min under the growth conditions, a cyclic change of two-and four-origin cells was observed at this interval. The initiation event causes an increase of four-origin cells and a concomitant decrease of two-origin cells, while the opposite effects are caused by cell division. Two-and four-origin cells amounted to about 80% of the population under the experimental conditions with ON338. This suggests that the majority of the initiation events occur regularly at normal intervals in mutant cells.
Most of the remaining cells consisted of three-origin Fig. 1) with wild-type sequence and the datA1 mutation, respectively, on a promoter assay vector, pROAKK1, in an orientation that directs transcription of the cat gene on the vector from the promoter for ORF2.1 and ORF8.6. . Fluorescence (DNA) and light-scatter histograms of RSD448 carrying various plasmids. RSD448 (⌬datA::kan) cells transformed with the indicated plasmids were grown to log phase in M9 medium supplemented with 20 µg/ml ampicillin and analyzed as described in Fig. 2 . pKV713 and pMW119 are mini-F-and pSC101-based vectors, repectively. Fragments EX and EX2 are EcoNI-XhoI fragments (Fig. 1) , carrying wild-type datA and the datA1 mutation, respectively. cells, which were typical to the datA mutant. The proportion of three-origin cells remained roughly constant throughout the cell cycle and did not decrease during the period of cell division (25-45 min and 55-70 min in Fig.  5 ). It seems that three-origin cells initiate replication to form four-origin cells before they divide, as there were no detectable one-origin cells. Decrease in the fraction of three-origin cells should be balanced by initiations in cells with two-or four-origins; the former forming three origins and the latter forming five or more origins and dividing soon after the initiations to produce three-origin cells. The period during which these extra initiations appeared to occur coincided with the period that included cell division and also overlapped with the time during which oriC is expected to be freed from sequestration after normally scheduled initiation. Because of the broad time range for initiation and division as well as the minor population of cells containing other than two or four origins, it is possible that, in certain population of cells, extra initiations occur at any time and those cells have irregular division intervals. However, because the cell size distribution of datA mutants was indistinguishable from that of wild-type cells ( Fig. 2B ; data not shown), the most reasonable explanation of the data would be that reinitiations occurred during the period between the end of sequestration and the next initiation event.
Replication of datA during oriC sequestration is not essential for controlled initiation
Sequestration of oriC mediated by SeqA protein and hemimethylated GATC sequences in oriC has been known to be a mechanism preventing reinitiation that could occur just after initiation when the initiation potential is still high (for review, see Crooke 1995) . Inasmuch as sequestration is assumed to continue for about one-third of the cell cycle after replication initiation at the oriC located at 84.5 min on the genetic map, the datA locus at 94.7 min could be replicated during the sequestration period. Titration of DnaA to the newly replicated datA locus should contribute to lowering the initiation potential before the end of sequestration. If titration of DnaA to the newly replicated datA locus during the sequestration period is essential for preventing reinitiation that appeared to occur after release of the sequestered oriC from the cellular membrane (Fig. 5) , movement of the datA locus to positions that are replicated after the end of sequestration should permit some reinitiation reactions to occur prematurely. To construct strains carrying datA at different loci, we made use of strains that were derived from the wild-type strain MG1655 and have Tn10 located at various positions around the E. coli chromosome (Singer et al. 1989 ). Ten such strains were chosen that have Tn10 insertions ∼10 min apart on the genetic map. A portion of the Tn10 of each strain was replaced with the wild-type datA sequence ligated to the cat gene, and the original datA sequence was deleted. Chromosome ploidy of these strains was analyzed after treatment with rifampicin and cephalexin. In M9 minimal medium, all 10 strains carrying datA at different positions did not exhibit any significant alterations in the chromosome number distribution as compared with the wild type. Three representatives are shown in Figure 6 together with their datA − controls. Therefore, replication of datA during oriC sequestration is not required to prevent reinitiation.
When the same 10 strains were grown in L broth, datA sequences translocated at all positions except for one eliminated the reinitiation reactions. The only exception that could not suppress the mutant phenotype was a strain carrying datA at 33.5 min (Fig. 6 ). Because this site is very close to the replication terminus (ter site), the inability to suppress reinitiations might be attributable Figure 5 . Change of origin number per cell during the cell cycle. Newborn cells of ON338 (B/rF26⌬datA::kan) in M9 medium were collected using the baby machine technique and grown as batch cultures at 37°C. At the indicated times, samples were treated with rifampicin and cephalexin, and runout DNA histograms were obtained by flow cytometry. The frequency of origin numbers was determined by measuring the area of each peak. Origin numbers are indicated on the graph. Figure 6 . Effect of the chromosomal location of datA on the frequency and synchrony of initiation. Derivatives of the wildtype strain MG1655 devoid of datA at the original locus and instead carrying Tn10 or Tn10datA cat at indicated chromosomal loci were grown in M9 medium or L broth and analyzed as described in Fig. 2 .
Control of replication by DnaA protein titration GENES & DEVELOPMENT 3037
Cold Spring Harbor Laboratory Press on October 11, 2017 -Published by genesdev.cshlp.org Downloaded from to a reduced dosage of datA relative to the DnaA amounts, which is increased in fast-growing cells (see Discussion).
Discussion
Initiator titration model and datA
Our results suggest that datA titrates a large amount of the initiator protein DnaA, which consequently reduces free DnaA concentration below a level that provokes overinitiations. It has generally been assumed that initiation potential accumulates to a maximum level before initiation, then drops to a level that can no longer trigger initiation during the period of oriC sequestration on a membrane (Campbell and Kleckner 1990 ; for review, see Crooke 1995) . The initiation potential most likely implies active DnaA concentration. In the computer-simulated initiator titration model, Hansen et al. (1991b) postulated that, after initiation, accumulated DnaA protein is titrated to newly replicated DnaA boxes on the chromosome during oriC sequestration. Our data provide evidence of the operation of a DNA-binding mechanism of the initiator protein in the control of initiation frequency. Induction of overinitiation by deleting the datA locus implies that DnaA titration to datA is essential for the chromosome number control.
Although many DnaA-binding sites are present on the E. coli chromosome (Messer and Weigel 1996; Roth and Messer 1998) , which would contribute to lowering the initiation potential, datA appears to be prominent in its DnaA-titrating activity in vivo (Kitagawa et al. 1996) . Severe growth inhibition observed with cells carrying datA on high-copy-number plasmids was accompanied neither by pTOA502-carrying cells nor by cells carrying an oriC-pBR322 chimeric plasmid, which has a higher copy number as a result of replication from oriC. Mutations in datA on a high-copy-number plasmid that recovered normal cell growth simultaneously reduced DnaA-titrating activity of datA (data not shown). Recently, in an in vitro assay, five high-affinity binding sites for DnaA were found on the chromosome besides oriC (Roth and Messer 1998) . One of them was datA, and four others were located away from oriC. It would be interesting to know their capacity of DnaA titration in vivo and the phenotype of strains with deletions of these sites.
datA as a reservoir of DnaA
Despite the high level of DnaA titration to datA in vivo, the dissociation constant (K d ) of DnaA binding to datA is twofold higher than that to oriC as measured in vitro (Kitagawa et al. 1996) . The lower affinity and higher capacity of DnaA binding relative to oriC might suggest the role of datA as a reservoir for DnaA molecules. DnaA boxes R1, R2, and R4, but not R3, in oriC are bound by DnaA throughout most of the cell cycle, and it is suggested that further aggregation of DnaA molecules to cover DnaA box R3 may be necessary to effect initiation (Samitt et al. 1989; Cassler et al. 1995) . The concentration of free DnaA molecules would be kept to a very low level in wild-type cells, mainly because of titration to the datA reservoir, throughout most of the cell cycle (Fig. 7) . Accumulation of free DnaA above a critical level to trigger initiation would be achieved just before initiation as inferred from the increased mRNA level at this time (Campbell and Kleckner 1990; Theisen et al. 1993) . After initiation, duplicated oriC is sequestered to the membrane, and reinitiation is blocked during sequestration. The capacity of the datA reservoir is increased by duplication during oriC sequestration. Accumulated DnaA would be temporarily titrated to the datA reservoir and would be immediately retrieved by the DnaA boxes R1, R2, and R4 in oriC after desequestration.
The present study revealed that the location of datA is not crucial for its function (Fig. 6) . Thus, tight regulation of free DnaA concentration coupled to replication is not essential to prevent reinitiations. Although nonessential, replication of datA during oriC sequestration would be favored to reduce free DnaA to a safer level to prevent reinitiation especially under circumstances in which the amount of DnaA protein is elevated, inasmuch as the strain carrying datA at the ter region could not suppress the mutant phenotype when grown in L broth (Fig. 6) .
During the period of oriC sequestration, the dnaA promoter region is also sequestered and transcription from this promoter is blocked ( Fig. 7 ; Campbell and Kleckner 1990; Theisen et al. 1993 ). This should help promptly reduce the level of free DnaA protein.
In datA mutants, the free DnaA level might be in- Cell cycle-dependent transcription from the gid and mioC promoters is accommodated, inasmuch as they are implicated in the control of initiation of replication of minichromosomes (Theisen et al. 1993; Ogawa and Okazaki 1994) . Involvement of transcription from these promoters for efficient replication from the chromosomal oriC is suggested only for replication that takes place under certain suboptimal conditions (de Wind et al. 1987; Bates et al. 1997 ).
creased as a result of the absence of the datA reservoir, the DnaA box R3 in oriC would be easily occupied by such molecules, and aberrant initiations could occur. Furthermore, excess free DnaA could trigger primary initiations at an initiation mass smaller than that of wildtype cells.
Asynchrony phenotype and overinitiation
The mechanism that keeps initiation synchrony is not known, but several conditions are known to disturb this synchrony. Temperature-sensitive dnaA mutants were the first example . Cells carrying mutations at the ATP-binding site in the dnaA gene seem to initiate replication at random, even under permissive conditions. Disturbance of the synchrony was less significant in other dnaA mutants. It has been suggested that the activity of DnaA protein is not simply related to its ability to synchronize multiple initiations. In another case, oversupply of DnaA protein provoked asynchronous initiation Atlung and Hansen 1993) . In dam and seqA mutants, initiations are strikingly asynchronous, presumably because newly replicated origins are not sequestered (Boye and Løbner-Olesen 1990; Lu et al. 1994 ). Finally, mutations in the fis and him genes, which assist the initiator function of DnaA (Boye et al. 1993) , and mutations affecting the global level of chromosomal supercoiling (von Freiesleben and Rasmussen 1992) are known to cause initiation asynchrony. Therefore, initiation synchrony seems to be based on a fine balance of several factors involved in the initiation of replication. Overinitiation could accompany the asynchrony phenotype in some, but not all cases. In such cases, the origin number per cell should be larger than that of wild-type cells. On the other hand, initiations triggered under reduced initiation capacity might be asynchronous. In such cases, the origin number per cell should be smaller than that of wild-type cells. Formally, the asynchrony phenotype may be classified into two types. In the first type, initiation occurs at random because of a distortion in the balance of factors essential to keep the timing and synchrony of initiation. In the second type, initiation occurs synchronously but some origins are aborted immediately after initiation. In the case of datA mutant cells, an increased cellular concentration of free DnaA molecules seems to have provoked asynchronous extra initiations after the oriC desequestration. It is also possible, however, that the second type of asynchrony phenotype described above is involved in datA mutants.
As shown in Figure 2 and Table 1 , there was a drastic effect of cell growth rate on the degree of overinitiation and asynchrony in datA null cells. However, there was no apparent relationship between these factors. In addition, overinitiation was not strictly correlated with asynchrony. Among the three cultures, overinitiation and initiation asynchrony were most prominent in cells grown in M9CAA medium with an intermediate growth rate. Although these results were reproducible, there is no good explanation for this observation. These parameters of initiation phenotype should depend not only on a balance between cellular concentrations of free DnaA molecules and DNA (DnaA boxes), but also on many other factors as discussed above. Therefore, it is possible that, in datA null cells, some other factors in addition to concentrations of DnaA and DNA may be involved in the differential effect of growth rate on the datA phenotype.
Location of datA on the chromosome did not affect the frequency and synchrony of initiation, except when placed at 33.5 min and cultured in L broth (Fig. 6 ). Therefore, at a fixed growth rate, the normal initiation phenotype is not affected by the time of temporal change of free DnaA concentration in the cell cycle, which is assumed to occur by titration of DnaA to newly replicated datA. This suggests that, in datA + cells, there is a certain range of free DnaA levels that does not cause aberrant initiation. When cultured in L broth, cellular numbers of DnaA molecules and original datA sites closely located to oriC should increase to high levels (Hansen et al. 1991a) . Therefore, movement of datA to ter site, where the gene dosage is minimum, may have increased free DnaA concentration enough to induce the datA mutant phenotype in this medium.
The effect of overproduction of DnaA from a lacP-controlled dnaA gene has been studied extensively, and it is known that overinitiation occurs at increased DnaA levels (Atlung and Hansen 1993) . In addition, depending on the degree of overproduction, various levels of initiation asynchrony accompany the overinitiation. Atlung and Hansen (1993) found that the increased initiation did not lead to a large increase in the DNA concentration because of the slowdown of replication fork velocity, which, for unknown reasons, appears to occur mostly near oriC. Similar consequences seem to have occurred in the datA-deleted strain, inasmuch as DNA content was not increased (Table 1) .
DnaA inactivation and DnaA titration to datA
In vitro, ATP-bound DnaA is slowly converted to an ADP-bound inactive form by an ATPase activity intrinsic to DnaA protein (Sekimizu et al. 1987) . Recently, it was found that the ␤ subunit of DNA polymerase III holoenzyme, accompanied by a partially purified protein, IdaB, accelerates hydrolysis of ATP bound to DnaA (Katayama et al. 1998) . This activity of the ␤ subunit is dependent on its assembly as a sliding clamp on DNA and is stimulated by DNA synthesis. Thus, DNA replication appears to be coupled to inactivation of DnaA. Furthermore, a mechanism of conversion of ATP-bound DnaA to an ADP-bound inactive form has been suggested in which the ␤ subunit appears to be involved independently of replication (Katayama and Crooke 1995) . Although their physiological significance remains to be established, these activities could also contribute to restrict the initiation event to occur once, and only once, per cell cycle. The two forms of DnaA (ATP bound and ADP bound) should not be discriminated by datA, inasmuch as the DNA binding of DnaA is not affected by bound adenine nucleotide (Sekimizu et al. 1987 ). Therefore, the ␤ clamp-dependent inactivation of DnaA could cooperate with DnaA titration to datA to assure complete inhibition of reinitiation.
Materials and methods
Bacterial strains, plasmids, and media
Bacterial strains used in this study are listed in Table 4 . RSD497 was constructed by transformation of DPB271 (recD) by pMW119-BB⌬datA::kan linearized with SpeI (Russell et al. 1989 ). pMW119-BB carries the chromosomal 4162-bp BamHI fragment containing the datA locus on pSC101-based plasmid pMW119 (purchased from Nippon Gene, Toyama, Japan).
pMW119BB⌬datA::kan was derived from this plasmid by replacing a 962-bp Asel-XhoI datA fragment (Kitagawa et al. 1996) with the 1340-bp StuI kan fragment of pACYC177. Clones containing ⌬datA::kan on the chromosome were obtained by selecting kanamycin-resistant colonies and the correct replacement of the datA sequence was confirmed by genomic Southern hybridization.
In addition to transformation of a recD mutant by a linear DNA as described above, a method described by Ohmori et al. (1995) was performed with some modifications to make ⌬datA:: kan strains for assessing the requirement of datA for growth. The AseI-XhoI datA fragment in the 4162-bp BamHI fragment was replaced by ⌬datA::kan and cloned into pKH5002SB, a derivative of pKH5002 (Ohmori et al. 1995) in which the rpsL + gene is replaced by the Bacillus subtilis sacB gene (Ried and Collmer 1987) as a negative selection marker. The sacB gene Russell et al. (1989) ; (2) Leonard and Helmstetter (1986) ; (3) Singer et al. (1989) , NIG collection (National Institute of Genetics, Mishima, Japan).
was obtained from pBIP (Slater and Maurer 1993) . pKH5002 is able to replicate only in an rnhA − strain and, therefore, upon transformation of wild-type cells with pKH5002SB carrying the BamHI ⌬dat::kan fragment, the plasmid is integrated into the chromosome via homologous recombination to form a nontandem direct repeat in which wild-type and mutant alleles are separated by the vector sequence. The cointegrates are unstable, and resolution of the diploid structure tends to occur by a second homologous recombination event that accompanies deletion of either the intact or the kan-disrupted genes together with the vector sequence. Selection for sucrose resistance gives rise to the wild type (Amp s Kan s ) and, if the datA locus is dispensable for growth, the disruptant (Amp s Kan r ) colonies. RSD561 was also constructed by this procedure. The datA1 mutation was introduced into pKH5002SB carrying the 4162-bp BamHI fragment by the method of Kunkel et al. (1987) . Southern hybridization was employed to select clones with the datA1 mutation, which creates an XbaI site (Fig. 3A) .
Strains RSD411-RSD420 were constructed by introducing the datA sequence ligated to the cat gene into the Tn10 resident on the chromosome of a series of 10 CAG strains (Table 4) . Tn10s of these strains distribute on the chromosome roughly 10 min apart. The SphI fragment of Tn10 (8.6 kb) was cloned into pACYC177, and its BglII tet r fragment was replaced by the AseI-XhoI datA fragment ligated to the BsaAI cat fragment of pACYC184. Q358 harboring Tn10datA cat carried on pACYC177 was infected with ::Tn10 (b221 cI857 cIII163:: Tn10 Oam29), and the resulting lysate was used to infect cI857 Sam7-lysogen of YMEL. The lysate was then spread on L plates containing 10 µg/ml chloramphenicol. ::Tn10datA cat phages were recovered from the lysogen following heat induction. Ten CAG strains carrying Tn10 were infected with ::Tn10datA cat at a m.o.i. of 1, and Tet s Cam r colonies were isolated. To confirm that Tn10datA cat is located at the original Tn10 position, P1vir grown on the parental Tn10 strains was used to transduce the candidate strains to Tet r . The Tn10datA cat was considered to be 100% linked to the original Tn10 when all of the 100 transductants scored were Cam s . The datA at the original locus on chromosome in each strain was replaced with ⌬datA::kan by P1 transduction.
pRML1 contains a mioC-lacZ fusion gene downstream of the mioC promoter (Kitagawa et al. 1996 ) on a miniR1 plasmid pKN1562 (obtained from S. Yasuda, National Institute of Genetics, Mishima, Japan). pMW119-EX and pKV713-EX were constructed by inserting the EcoNI-XhoI datA fragment into the SmaI site of pMW119 and the EcoRI site of a mini-F plasmid pKV713 (obtained from C. Wada, Kyoto University, Japan), respectively. pROAKK-EB carries the EcoNIBsu36I fragment (Fig. 1 ) in pROAKK1 (Kitagawa et al. 1996) . pKV713-EX2 and pMW119-EX2 carry the datA1 mutation in pKV713-EX and pMW119-EX, respectively. pROAKK-EB2 carries the datA1 mutation in pROAKK-EB. pBRCDI1 is a pBR322-based vector carrying the dnaA gene under the control of the tac promoter and the lacI q gene. In addition, this plasmid has the cat gene of pACYC184 in place of the bla gene. pTOA502 was derived from pTOA50 (Kano et al. 1991) , which carries the chromosomal AatII-HaeII fragment spanning oriC and mioC on pBR322, by deleting the SmaI-BglII fragment.
Culture media were L broth (10 grams/liter Bacto-tryptone, 5 grams/liter Bacto-yeast extract, 5 grams/liter NaCl, pH 7.2), M9 medium (Miller 1972) containing 0.2% glucose or M9CAA medium, which is M9 medium supplemented with 0.2% casamino acids. When necessary, required amino acids (40 µg/ml except where indicated), thiamine (5 µg/ml) or thymine (20 µg/ml) were added. Appropriate antibiotics (50 µg/ml ampicillin, 40 µg/ml kanamycin, 10 µg/ml tetracycline or 15 µg/ml chloramphenicol) were added for plasmid-carrying cells.
Flow cytometry
Origin number per cell was determined as described (Løbner-Olesen et al. 1989) . Exponentially growing cells were incubated with 300 µg/ml rifampicin and 12 µg/ml cephalexin for six generations, fixed with ethanol, stained with 90 µg/ml mithramycin and 20 µg/ml ethidium bromide, and analyzed by a flow cytometer (Bryte HS, Bio-Rad).
Synchronization by the baby machine technique
To obtain synchronous culture under steady-state growth conditions, newborn cells of ON338 were collected using the baby machine (Helmstetter et al. 1992) . Cells were grown in M9 medium supplemented with 40 µg/ml histidine and 20 µg/ml thymine at 37°C. When the culture reached an optical density at 460 nm of 0.25, cells were collected onto the surface of a 142-mm diameter membrane filter (Millipore, type GS) coated with poly-D-lysine. The effluents containing the newborn cells were pooled in a test tube for 4 min consecutively and transferred to a shaking water bath at 37°C. Samples were taken at various times for flow cytometry.
Southern hybridization
Gene dosages of oriC and ter were measured by Southern hybridization (Ogawa and Okazaki 1994;  Table 1 ). Total cellular DNA was digested with PstI before agarose gel electrophoresis. 32 P-labeled probes were the AvaI oriC fragment (463 bp) and a 1.3-kb KpnI fragment at 35 min on the genetic map (ter region) obtained from the Kohara clone 306 (2B2; Kohara et al. 1987) .
Miscellaneous procedures
Assay for ␤-galactosidase (Table 2) was performed as described (Miller 1972 ) using plasmid-carrying CSH50 cells grown to a log phase in M9 minimal medium supplemented with the required nutrients and appropriate antibiotics. IPTG was added at 0.5 mM where indicated, which elevated the cellular DnaA level 5-to 10-fold. The diphenylamine assay for DNA content of E. coli cells was as described (Burton 1956 ). Assay for CAT was as described (Kitagawa et al. 1996) . One unit of the activity was defined as the amount that catalyzes synthesis of acetylated chloramphenicol in 30 min at 30°C.
